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Fully 3-D-Printed Frequency-Scanning Slotted
Waveguide Array With Wideband Power-Divider

Kunchen Zhao ", Jordan A. Ramsey

Abstract—We report the design, fabrication, and measurement
results of a fully three-dimensional (3-D) printed frequency-
scanning slotted waveguide array (SWA). The antenna system
is composed of an 18 _ 4 nonresonant (traveling wave) array
operating at 12-18 GHz (Ku-band), a wideband % 4 power
divider, and four 50 Q matched loads all fabricated using a 3-
D printer and wet metallization steps. The antenna system is
designed to be impedance-matched with S11 less than—10 dB
across the entire band. Inductive walls are added to the power
divider to improve the impedance matching of closely packed
waveguides. Complex yet smooth waveguides are fabricated using
the PolyJet technology. Conformal in-house metallization processes
consisting of nickel electroless plating and copper electroplating
are established. Measurement results show beam-scanningranges
from +7° at 12 GHz to +15° at 18 GHz. The maximum measured
gain is 21.4 dBi with sidelobe level of —13.4 dB at 15.8 GHz
and scanning angle of 7°. Furthermore, the array maintains
minimum gain of 10 dBi for most of the band ranging from
13.4 to 17.8 GHz. Our measurement results are in an agreement
with the simulations. This letter demonstrates a scanning array,
together with a wideband power divider, and termination loads all
fabricated using a 3-D printing technology.

Index Terms—Frequency scanning, slotted waveguide array

(SWA), three-dimensional (3-D) printed, wideband power
divider.

1. INTRODUCTION

EAM steering is widely used in communication, radar,

B sensing, and navigation. One common approach is to use
electronically scanned arrays or phased array antennas. While
the phased array architecture has a superior performance, it is
expensive and complex as it requires numerous phase shifters
and transceivers [1]. Alternatively, for certain noncommuni-
cation applications, a frequency-scanning array can be used.
In particular, a slotted waveguide array (SWA) exhibits low
profile, high power handling, simple feed network, and me-
chanical robustness, making it a preferable candidate for space,
airborne, and naval antennas. Traditionally, the SWAs are fabri-
cated from brazed, machined plates and sheets orvia electrical
discharge machining [2]. These fabrication methods are usu-
ally time-consuming and expensive. Recently, advancements
in additive manufacturing (AM) techniques have provided us
with alternative avenues for the rapid fabrication of complex
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waveguide structures. To our knowledge, all the prior work in
this area has concentrated on nonscanning arrays. For example,
resonant SWAs at the millimeter-wave band were fabricated
using three-dimensional (3-D) printing and reported to possess
equivalent electromagnetic (EM) performance compared with
metal antenna [3]-[5]. Although the resonant SWA fabrication
using AM is now a mature technology, unique challenges (e.g.,
wideband feed structure) continue to hinder two-dimensional
(2-D) nonresonant SWA.

Nonresonant SWA systems consist of three components: a
wideband feed structure (usually waveguide power divider)
[6], a traveling-wave array, and a matched load. One example
of a one-dimensional (1-D) nonresonant SWA (without 3-D
printing technique) was reported to operate at 130—-180 GHz and
was fabricated using a PolyStrata multilayer microfabrication
process [7]. However, this process is expensive and slow. In this
letter, we evaluate 3-D printing techniques for the realization
of a nonresonant SWA. One of the challenges of designing
the 2-D nonresonant SWA is the development of a wideband
feed structure. Historically, an end-feed structure with 1T
junction is utilized in SWAs [8]. However, the highest reported
bandwidth is only 10%. Furthermore, bottom-feed structures
for resonant SWAs [9] as well as corporate-feed for waveguide
arrays [3] have low bandwidth. The research has shown that a
waveguide power divider could have a wideband performance
(above 40% fractional bandwidth) with high return loss in
the millimeter-wave band [10]. However, since the physical
structure of a waveguide array requires all output ports to be
adjacent to each other, a traditional power divider cannot be
directly connected to the SWA antenna. The use of inductive
walls has been reported to improve the impedance matching
of the power divider at a single frequency [11]. Other design
challenges include symmetrical gain versus frequency pattern,
termination, reduction of sidelobe, and location of nonradiating
slots. Fabrication challenges include surface roughness (causing
losses), conformal, and continuous metallization of waveguide
inner surfaces using electroless and electroplating processes.
As such, the main novelty of this letter is demonstration of
a wideband scanning array with integrated wideband power
divider and matched load using a 3-D printing technology.

II. DESIGN

The architecture of the antenna system is shown in Fig. 1.
Based on our prior work, we first constructed and simulated a
1-D SWA consisting of 18 slots [12], [13]. We then combined
four identical 1-D units in parallel to form the 184 2-D array
(72 elements). Nonradiating slots are added to aid the metalliza-
tion process. The four-way power divider is designed to feed
the array. Terminations of 50 Q were carefully designed and
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Fig. 2. (a) Four-way divider with inductive walls. (b) S11 of the four-way
divider.

fabricated. Standard WR-62 waveguide size was used for all
three aforementioned sections.

A. Wideband Power Divider

An end-feed structure is required to excite the SWA an-
tenna. Small spacing between the adjacent elements (0.39 Ao
at 15 GHz) makes the divider design extremely challenging.
A four-way splitter is designed by cascading two two-way
dividers. The wall thickness separating the two waveguides is
0.8 mm. The arc wedges are used to reduce the reflection due
to the electromagnetic discontinuity. The design is simulated
using time-domain solver in CST Microwave Studio. In the
first design, each stage of the two-way power dividers achieved
— 10 dB. However, after cascading them to form a four-way
divider, the S11 is added in phase to become —6 dB. Inductive
walls are then added to the T-junction to improve the impedance
matching. AsshowninFig.2(a), the first group ofinductive walls
is added (marked as A and B). The simulated S11 is lower than
—10 dB for 12—17 GHz after the first design iteration, showing
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Fig. 3. (a) Critical SWA dimensions (units in mm). (b) Simulated H-plane
realized gain from 12 to 18 GHz showing scanning range from 16.7%to
+14.4°,

Fig. 4. 3-D model of the designed (a) front side and (b) back of the SWA
without matched load and power divider.

significant improvement. However, as shown in Fig. 2(b), the
S11 is still larger than +0 dB at 17-18 GHz. Therefore, the
second group of the inductive walls is added to the arc wedges
ofthedivider[markedas Cand DinFig.2(a)]. Hence, thedesign
includes 18 inductive walls, each with a thickness of 0.4 mm and
the length varying between 1.0—1.6 mm. The overall length of
the divideris 6.72 x5.54 cm. Following this improvement, the
S11 was lower than =10 dB for the entire Ku-band.

B. SWA Antenna

The SWA design follows the traditional scheme for traveling-
wave antennas given by Eillott [14], [15], the detailed geometry
of which is shown in Fig. 3. In order to demonstrate a 3-D
scanning array, our design goal was to achieve a symmetrical
beam scan range off the broadside as well as to maximize the gain
symmetry. Alternatively, a flat-gain profile can be considered
in similar designs. The scanning range correlates to the slot
spacing, which is chosen to be 0.5 Ao at 14.2 GHz [shown in
Fig. 3(a)]. The result is—6.7° to +14.4° H-plane scan range
across the Ku-band as shown in Fig. 3(b). The slot spacing
could be further increased to achieve a better symmetry of the
beam scan range; however, the grating lobe will appear at higher
frequency. The slot length determines the resonant frequency,
which is optimized such that the gains at 12 and 18 GHz are
the same. In other words, we have chosen a simple uniform
design that has symmetric gain pattern off the broadside. In
order to achieve constant sidelobe level (SLL) and half-power
beamwidth (HPBW) performance over the entire frequency
band, uniform slot distribution is chosen in the proposed antenna.
The 3-D model of the designed array without the added loads
and the power divider is shown in Fig. 4. The full-wave model
(adapter, array, and termination) is fairly large and is composed
of 79.9 million hexahedral mesh elements simulated using the
CST time-domain solver.

In order to enhance the electroless and electroplating pro-
cesses, nonradiating slots are added to provide access to the
inside of the waveguide. The distance between slots of each
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Fig. 5. (a) Surface E-field on radiating and nonradiating slots. (b) £-field inside
the waveguide with and (c) without nonradiating slots (all at 15 GHz).
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Fig. 6. Fabricated power divider, termination fixture, and waveguide array
showing (a) 3-D-printed parts before metallization, (b) after Ni electroless
plating, and (c) after Cu electroplating.

waveguide column is 16.6 mm. This is due to the size of
WR-62 waveguide and the wall thickness of 0.8 mm. As shown
in Fig. 5(a), the nonradiating slots are located on the narrow
wall of the waveguide where the E-fieldand transverse surface
current are zero. The location and size of the openings are both
optimized by full-wave simulation. As shown in the Fig. 5(b)
and (c), the E-field inside the waveguide remains the same
before and after the addition of the nonradiating slots. Since
the nonresonant SWA is a traveling-wave antenna, a matched
load is required on the nonfeed end of the waveguide. Initially,
we used 3-D-printed cones using lossy acrylonitrile butadiene
styrene (ABS) material; however, only S11 >—15 dB was
achieved due to low permittivity and loss. To improve the re-
sults, four commercially available WR-62 waveguide matched
loads (CTL-0733, Resin System Corp., Amherst, NH, USA)
with maximum 48 dB S11 were placed inside a third 3-D-
printed waveguide fixture. The S11 of the commercial loads
were independently measured to be less than =30 dB.

III. FABRICATION AND MEASUREMENT

A. PolyJet 3-D Printing

All three parts of the proposed SWA antenna (divider, ra-
diating array, and termination) are printed using the commer-
cial PolyJet process (Object 30 Prime from Stratasys) with
VerowhitePlus photopolymer material. The fabricated parts are
shown in Fig. 6(a). A PolyJet 3-D printing technique is chosen
mainly due to its low surface roughness, strong adhesion, and
smooth finish around edges.

B. Metallization

The metallization of the SWA system is performed in two
consecutive steps: 1) the electroless plating of thin nickel (Ni)
seed layer followed by 2) the electroplating of thick copper (Cu)
film. These two processes, both developed in house, consist of
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Fig. 8. (a) Comparison of measured and simulated gain at the boresight at Ku-
band. (b) Pattern measurement setup in the anechoic chamber (slot length is
8.4 mm).

several substeps. The Ni electroless plating consists of four sub-
steps: etching, activating, fixing, and deposition. Following the
first three initial steps, the parts are immersed in theelectroless
Ni plating solution, which is composed of a mixture of citric
acid monohydrate, ammonium hydroxide, hydrochloric acid, Ni
sulfate, and sodium hypophosphite. Ni plating is performed at
a temperature of 41°C for 15 min. The 3-D-printed waveguides
following the Ni plating have a smooth surface as shown in
Fig. 6(b). After Ni plating, Cu is electroplated on each part [see
Fig. 6(c)].

The electroplating is performed using copper-based elec-
trolytic (Technic Inc., Cranston, RI, USA) intended for thick
deposits. Under appropriate conditions, this solution can deposit
high-purity fine-grain films. The solution is electrolyzed prior
to use. The electroplating is performed at 30 °C for 30 min with
current density of 0.05-0.15 mA/mm?. The sheet resistance was
measured using four-point probe and found to be 0.05 Q5q.

The slot length was measured to be 8.4 mm as compared to
the designed value of 8.5 mm. The entire fabrication process can
be completed in less than 48 h facilitating the rapid prototyping
of the complex scanning array.
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Fig. 9. Measured and simulated H-plane pattern from 12 to 18 GHz showing scanning range from —17° to +15°.
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Fig. 10. Measured and simulated copol and cross-pol gains at 14.6 GHz
(broadside) for (a) E-plane and (b) H-plane.

C. Measurement Results and Analysis

Prior to gain measurements, several 1-port and 2-port eval-
uations are conducted (Agilent N5230A PNA). Two identical
power dividers are connected back-to-back. The measured S11
and S21 (not shown here) exhibit a good agreement with the
simulation results. A 1-port measurement is performed on the
final assembled SWA system including termination and power
divider. The measured S11 and simulation results are shown
in Fig. 7. The measured S11 matches well with the simulation
results after adding the adapter and surface roughness. The av-
erage surface roughness is 17.8 pm root mean square measured
by a contact profilometer and evaluated using the cannonball
[16] model in our simulation. The modified simulation result
indicates that the S11 is decreased by approximately 2 dB due
to the conductive losses induced by the surface roughness. The
adapter also induces nonideal behavior at the edges of the band,
i.e., 12 and 18 GHz.

The radiation pattern is measured in the anechoic chamber
[see Fig. 8(b)]. A 2—18 GHz standard horn antenna (H-1498)
is used for calibration. Fig. 8 shows the measured gain of the
boresight from 12 to 18 GHz. The maximum measured gain is
21.4 dBi at 15.8 GHz, while the maximum simulated gain is
18.6 dBi at 15.6 GHz (after applying the surface roughness).
The maximum realized gain is decreased by 0—5 dB across the
Ku-band due to adapter and roughness.

Fig. 9 shows the measured H-plane pattern ranging from 12 to
18 GHz as well as the simulation results. The measured scanning
range is from +7.0° to +15.0°, showing a good agreement
with the simulation results. The measured cross-pol is 20 dB
less than copol at the boresight for all frequencies. Overall,
the measured gain matches well with the simulation results.
However, a minor discrepancy exists at 18 GHz possibly due to
the fabrication error in a slot size and a rounding of the corners
inside slots. Fig. 10 shows the measured and simulated polar
pattern at 14.6 GHz (broadside). The measured SLL and HPBW
for the £- and H-planes are—11.1 dB, 16.0° and—13.2 dB, 4.4°,
respectively. The E-plane HPBW is reduced by 68° compared
to a 1-D SWA. No strong back lobe is observed for either E- or
H-plane. We note that irregular longitude slot spacing, due to
fabrication imperfections, results in asymmetrical SLL.

IV. CONCLUSION

In this letter, we reported, for the first time, a 2-D Ku-
band frequency-scanning SWA antenna using the 3-D printing
technology. While nonscanning arrays have been previously
reported, here we present a fully 3-D-printed scanning array
with 72 elements operating at 12—18 GHz with unique features.
These include a 3-D-printed low-loss wideband power divider,
50 Q termination ports, two types of nonradiating slots, electro-
less plated nickel, and electroplated copper metallization layers
inside the waveguide.
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